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Abstract— The Automaton Rover for Extreme Environments 

(AREE) is a NASA Innovative Advanced Concept (NIAC) 

funded study focused on enabling long duration science on 

Venus by replacing vulnerable electronics with an entirely 

mechanical design. By utilizing high temperature alloys, the 

rover would survive on the surface of Venus for weeks if not 

months. The rover concept harvests wind energy using a turbine 

and stores it in a constant force spring. The mobility system 

would be guided by a mechanical computer and logic system, 

programed to carry out the mission. It would collect basic 

science data such as wind speed, temperature, and seismic 

events. Communicating the data back to Earth is the most 

challenging aspect of the system design with multiple options 

being explored in a trade: a simple electronic high temperature 

transponder, a retroreflector target or inscribing phonograph 

style records to be launched via a balloon to a high altitude 

drone capable of transmitting the data back to Earth.  AREE is 

not only a new exciting in-situ rover concept, but also a 

paradigm shift to conducting in-situ science in extreme 

environments. Traditional extreme environment vehicles collect 

as many diverse data points as possible in the short period of 

time before system failure. AREE breaks that trend by 

exploring what can be done with only a few basic scientific 

measurements, but recorded over long periods of time. In 

addition to Venus, the concept can be useful in other extreme 

environments in the solar system including Mercury, Jupiter's 

radiation belts, the interiors of gas giants, the mantle of the 

Earth and volcanoes throughout the solar system. 
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1. INTRODUCTION 

Venus is one of the most hostile environments in the solar 

system with a surface temperature that will melt solder, a 

pressure high enough to collapse the hull of modern nuclear 

attack submarines, and a sulfuric acid atmosphere. Human-

made probes used to investigate the surface have extremely 

limited life times. Thus far, the longest any lander has 

operated before electronics failure is just two hours. While 

this record was set by the Venera lander in 1982, modern 

flagship mission concepts are only able to improve survival 

time to 24 hours. Radioisotope powered cooling engines may 

be able to extend life longer, but these are still under 

development and may be prohibitively expensive [1]. 

Therefore, long duration science on the surface of Venus is 

impossible to perform with existing space technology.   

 

Figure 1:  Automaton Rover Concept 
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Applying ancient technology to spacecraft may provide the 

solution. Over 2,200 years ago the ancient Greeks built the 

Antikythera mechanical computer (Figure 2 [2]). This purely 

mechanized device accurately predicted past and future 

astronomical events long before electronics existed [3]. But 

what is perhaps more inspiring than this ancient innovation, 

is the idea that the Antikythera mechanism could continue to 

unlock the secrets of the solar system for us today. Related to 

such computers, automata are purely mechanical, self-

operating machines capable of performing sequences of 

operations and instructions. They have been credibly used for 

hundreds of years as computers, art pieces, and clocks. 

However, in the past several decades automata have become 

less popular as the capabilities of electronics increased, 

leaving them an unexplored solution for robotic spacecraft. 

Such mechanical devices could be the answer to achieve this 

long duration data from extreme environments, such as 

Venus. 

2. BACKGROUND  

The Challenge of Extreme Environments 

There are many extreme environments throughout the solar 

system; the radiation around Jupiter, hot thermal 

temperatures on Mercury and Venus, and hot high pressure 

environments occurring deep beneath any planet’s surface. 

Generally, the most environmentally sensitive components of 

any rover or spacecraft are the electronics, which will fail in 

heat, stop operating in extreme cold, or experience upsets 

when bombarded with radiation. As an example, only a 

handful of Soviet Venera/Vega landers and a couple probes 

from Pioneer have reached the surface of Venus. Even these 

robust probes survived for only 23 to 127 minutes before the 

electronics succumbed to the extreme environment [4]. 

Adding protection systems is the general approach to 

improve the survival of electronics, but these increase costs 

and only delay inevitable failures. An analysis of a modern 

flagship Venus mission concept costing $2-3 billion found a 

liquid gas cooling system to be the most practical approach, 

despite only ensuring  survivability on the surface for less 

than one day before system failure [5]. While research 

exploring active cooling systems for Venus exists, it is still in 

technology development, would add great complexity, and 

could not operate in other extreme environments with higher 

temperatures or radiation [1]. This means it is currently 

impossible to collect in situ longitudinal science data from 

the most extreme environments in the solar system; data 

which is critical for informing models of dynamic planetary 

systems. 

History of Automata and Mechanical Computers 

Automata have been used to perform complex calculations, 

draw intricate pictures, play music, shoot an arrow at a target 

and much more [6], [7]. In general automata can be put into 

two categories: mechanical computers, which process human 

and environmental inputs, and semi-autonomous machines, 

which perform a detailed series of pre-decided actions using 

stored energy. 

Mechanical computers, like the aforementioned Antikythera, 

are designed to provide a specific output from a series of 

inputs [3]. Development of mechanical computers greatly 

expanded in the early 1900’s and were at their zenith by the 

1940s. During this period mechanical computers advanced 

from solving simple arithmetic problems to guiding bomb 

trajectories and aiming battleship guns, all while accounting 

weather and atmospheric conditions [8]. Even more 

fascinating was the Globus mechanical computer, an 

automaton which provided spacecraft trajectory data used on 

every Soviet launch until 2002 [9]. However, mechanical 

computers are more commonplace than these extremely 

complex mechanisms. Perhaps the simplest, but most widely 

used, mechanical computer are watches and clocks. The 

oldest mechanical clock has operated for 700 years [10] and 

mechanical watches have operated for decades without 

maintenance. Amazingly, many of these devices were built 

decades to centuries ago without advanced manufacturing 

technology. With modern advances, projects like the 10,000 

year clock, designed to run for 10 millennium with no 

maintenance, are possible [11]. 

A number of the most famous and intricate automata were 

semi-autonomous and designed to replicate human or animal 

traits. While the most basic draw a picture, play a musical 

instrument, or appear to digest food, others take on a much 

more detailed humanoid form by simulating intricate motions 

like breathing, or following the actions of their hands with 

 

Figure 3: Strandbeest designed to be self-

sustaining mechanical creatures 

 

 

 

Figure 2: The Antikythera Mechanism, a 2,300 year 

old mechanical computer. 
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their eyes. Some of the most complex automata even had the 

ability to be re-programmed. While the construction of semi-

autonomous automata declined in the 1900’s, the Dutch artist 

Theo Jansen has recently revived the automata. His massive 

“Strandbeest” creatures (Figure 3 [12]) are constructed of 

plastic tubes and canvas, powered by wind, and walk across 

the beaches of the Netherlands. They have the ability to 

respond to the environment, staking themselves to the ground 

if wind speeds get to high, or reversing directions when they 

walk into the water, with an ultimate goal of existing entirely 

autonomously [13]. These sophisticated modern automata 

provided the inspiration for AREE. 

A Paradigm Shift 

One of the core measures of value for a science mission is the 

amount of data the mission is able to return to earth. High 

performance electronics have enabled missions to maximize 

this parameter. However, electronics are short-lived in 

extreme environments, thus making it impossible to collect 

longitudinal data regardless of how highly instrumented the 

mission is. Current missions to Venus focus on packing a 

temperature controlled volume with as many electronic 

instruments as possible to maximize the science return of the 

short mission. We are proposing a paradigm shift by 

replacing electronic components with ingenious mechanical 

devices to enable attaining long term data from extreme 

environments. This work seeks to combine the best of 

mechanical computers and semi-autonomous automata to 

produce an entirely autonomous extreme environment 

planetary surface explorer. 

3. SYSTEMS CONCEPT FOR AN AUTOMATON 

ROVER 

The proposed automaton consists of several key subsystems, 

including energy collection and storage, mobility, computing 

and control, communications and instruments.  A depiction 

of a potential systems level flow chart is shown in Figure 4, 

with all the major components identified.  

Energy Collection and Storage 

In a traditional spacecraft, electrical energy is harvested using 

solar panels or an RTG, stored in batteries, and later 

converted to mechanical energy as needed. For an automaton 

rover on Venus, utilizing wind energy is the most practical. 

Wind speeds on the surface of Venus vary from 0.3-1.3 m/s 

(v) with an average at 0.6 m/s, well below the operating speed 

of most existing wind turbines. However, the atmospheric 

density of 65 kg/m3 (ρ) is significantly higher than that on 

earth and therefore provides more energy [14]. The total 

energy that can be harvested from the wind is given by 

Equation 1. 

                          𝑃𝑤𝑖𝑛𝑑 = 0.5𝐴𝜂𝜌𝑣3   (1) 

Assuming a wind turbine diameter of 1.5 meters (A = 1.8m2), 

an efficiency of 50% (η) the turbine can collect 14 W under 

average wind conditions and up to 141 W at peak wind 

speeds. Honeywell’s Windtronic wind turbine was designed 

to operate at low speeds, claiming a cut-in speed of 0.2 m/sec 

and an average efficiency of 56% [15, p. 6]. Therefore, it is 

reasonable to expect a wind turbine with 50% efficiency 

could be developed for Venus. As a comparison, the 

Sojourner rover was only able to collect 16 W of power on 

peak [16], and Spirit and Opportunity only generated 140 W 

(gradually dropping to about 90 W after 90 days due to dust) 

[17]. While wind power on Venus would not provide large 

amounts of power, it would be adequate for rover operation. 

Energy collected through the wind turbine would then go 

through a transmission to increase the amount of torque. This 

energy could then be distributed throughout the rest of the 

rover. Energy not immediately needed would be stored in 

clock springs. The clock springs would be designed such that 

energy could be drawn by the system and gained from the 

turbine at the same time.  Further, some additional energy 

could be used to run a gas compressor, which would 

compress Venus atmosphere for later use in in signaling and 

pneumatic computers. 

Mobility System 

The mobility system is responsible for the physical 

movement of the automaton. Multiple solutions are being 

considered. The simplest approach is to utilize a wheeled 

system which aligns with the heritage of planetary rovers. 

Alternatively, a track system could be used and may provide 

greater stability. However, both the wheels and the track 

system have challenges with transferring energy from the 

rover body to the driving wheels, while maintaining a good 

seal against Venus dust. Another compelling option is the 

“walking” Jansen mechanism [13], as the legged devices 

would keep the area contact the surface well below the rover 

(no chance of kicking up dust on itself), while the drive shaft 

could stay within the rover, with no direct rotational 

connection that could carry dust upwards. To make the legs 

even more robust against wear caused by dust contamination, 

compliant mechanisms can be used as joints only require a 

limited range of motion. However, the legged mobility would 

 

Figure 4: System flow chart 
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have greater limitations with regards ability to handle 

hazardous terrain. The mobility trade is still being explored.   

Computing and Control System 

The control system is responsible for determining the motion 

and actions of the automaton. A combination of two different 

control types, mechanical computing and reactive 

mechanisms, will be utilized. 

Traditional models of robotic intelligence rely on a 

centralized processor to manage high level decision making. 

The processor functions by taking in sensor information 

which deliver a symbolic representation of the world. The 

processor then directs the robot based on the programmed 

instructions. This works well when ample processor space 

and an adequate sensor suites are available. Neither are the 

case with AREE. Fortunately, alternative schemes have been 

developed. The most relevant model may be the subsumption 

architecture which completely eliminates the need for a 

central processor. The decision making process is broken 

down into layers with each layer responsible for a simple 

action. Although each layer may seem trivial, they can be 

stacked in such a way that the resulting behavior is 

surprisingly complex [14]. This mentality must be used when 

designing a control system for AREE to reduce complexity 

and the overhead on a limited processing system.  

The first way to approach computing is with traditional logic 

gates, for which mechanical analogs exist. For example, a 

mechanical OR gate is depicted in Figure 6. One could go 

about replicating electronic computer circuits this way, 

however, this method would result in an exceptionally 

complex system.  

 

Figure 6: Mechanical OR gate 

A more general approach to binary logic is digital computing. 

This refers to any computing system that uses discrete points 

as inputs as opposed to continuous variability. Excellent 

examples include early attempts to mechanize calculations,  

such as the Babbage Engine [18]. All digital mechanical 

computers share similar characteristics. They are generally 

large, mechanically complex, and unwieldy, but are more 

exact and can solve more generalized problems than 

alternatives.  

Analog computers, on the other hand, can be made more 

compact, have fewer parts, and operate more quickly than 

digital counterparts. They were also a subject of significant 

study during World War II, and were implemented on a large 

scale as fire control computers for ships and airplanes [8]. 

Therefore, there is a large body of technical work relating to 

analog computing. Examples of analog computing 

mechanisms are shown in Figure 5 [19]. 

Clever reactive mechanisms will also be utilized to 

automatically compensate for the terrain and obstacles. An 

example of a reactive mechanism is the rocker-bogie system 

already employed on the Mars rovers. This system maintains 

vehicle stability over a wide range of terrain without any 

computer input. A similar mentality of using clever 

mechanism design to avoid computational complexity could 

be expanded to other mobility subsystems such as obstacle or 

steep slope avoidance.  

Lastly, pneumatic controls have been used in industrial 

applications for decades and more recently, small micro-

fluidic devices have been built with impressive capabilities, 

such as the 12 bit processor described in [20]. These devices 

are compelling as they are compact and well understood, but 

would naturally require the added complexity of 

implementing a fluidics system on AREE. 

Manufacturing Considerations 

While traditionally mechanical computers are considered 

large and bulky, the systems could be miniaturized by 

utilizing modern manufacturing technologies such as 3D 

printing and MEMS manufacturing methods. Micro-

mechanical devices are already used commonly available 

sensors such as gyroscopes and accelerometers. Notably, 

    
(a)                                                     (b)                                              (c)  

  

 Figure 5: Examples of mechanical analog mechanisms: (a) adder, (b) multiplier, (c) integrator. 
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Sandia National Laboratories has demonstrated an ability to 

create more complex mechanisms, such as drive trains, on a 

micro level [21]. Using these already existing technologies as 

a guide, it is reasonable that one could make a single 

computing element in volume of around 50x50x15µm. 

Extrapolating this value, 100 million logic gates would fit 

within a volume the size of 0.16m2 (a plate 0.4m x 0.4m). If 

each logic gate represented one bit, each 0.4m x 0.4m plate 

would hold 8 megabytes of information. While this is low by 

modern standards, early rovers had under 1 megabyte of 

storage [16]. However, there would still be significant 

challenges to be overcome relating to frictional effects in the 

system. 

Signaling  

Perhaps the most challenging aspect of an automaton 

spacecraft is how to record and transmit data. Traditional 

spacecraft use a high power radio and large antenna. The 

communication challenge is readily solvable by laser 

retroreflectors for the case where the automaton is visible 

from a vehicle placed outside the extreme environment (e.g. 

Mercury), potentially in orbit. Similar schemes have been 

credibly proposed prior to widespread use of wireless 

communications. Robert Goddard suggested that the first 

automated lander on the moon ignite flash powder to signal a 

successful landing. Similarly, the British Interplanetary 

Society suggested using flashing lights to communicate with 

humans on the moon [22]. More recently, MIT roboticist 

Rodney Brooks suggested that a swarm of micro-robots be 

equipped with tiny comer reflectors that could be rotated or 

uncovered to signal to an orbiter that is scanning the surface 

with a laser [23]. 

However the system becomes much more complex on Venus, 

because of the thick, dense atmosphere. Several solutions are 

currently under consideration, and trades are being explored. 

An indicator could be mounted with radar target 

retroreflector (essentially a passive antenna) operating on a 

frequency able to penetrate the atmosphere. These radar 

retroreflectors are often used on sailboats to make them 

visible to larger ships. Communication could be 

accomplished with a simple binary on/off shutter, but a more 

effective communication approach would be achieved by 

using a dial with 16 positions, each indicating a hexadecimal 

bit, improving the data rate by four times. A radar instrument 

in orbit or a high altitude drone would distinguish the position 

of the antennas relative to each other to detect the information 

and relay it back to Earth. As the rover would be unable to 

track the orbiting craft, it would have to be designed to 

continuously transmit a message. 

Another viable alternative would be a hybrid automaton that 

uses specialized electronics for communication and 

mechanical systems for all other components. Vacuum tubes 

are able to survive much higher temperatures than their semi-

conductor successors. Therefore, it is possible to build a 

simple data recorder and radio transceiver based on vacuum 

tubes that could operate in the Venusian environment. 

However, given their large size, it would be undesirable to 

replace all the mechanical logic components with vacuum 

tubes. Recent research in silicon carbide and carbon nanotube 

electronics may provide solutions for miniaturized high 

temperature electronics for these specialized systems [24], 

[25]. 

Or finally, the most extreme but perhaps most interesting 

concept would be to engrave the data on phonograph style 

records. The data could then be carried by balloons into the 

relatively calm upper atmosphere of Venus where it is 

retrieved and processed by an aerial drone. Instead of records, 

the automaton could also send surface samples to the drone. 

This idea is within the realm of feasibility as Venus balloons 

have been studied extensively in the past [4], [5], [26], were 

used on two Vega missions [27], and drone technology on 

earth (which has extremely similar conditions as high 

Venusian altitudes) is highly sophisticated [28], [29].  

Instruments 

AREE can make measurements of anything that manifests 

itself by a change in displacement which can be read or 

recorded mechanically. The most obvious data to record is 

basic weather data such as wind speed, temperature and 

temperature. Wind speed data can be collected by measuring 

the speed of the rotating wind turbine. Temperature can be 

measured by the displacement of material due to thermal 

expansion. Pressure can be measured by measuring the 

expansion and contraction of a control volume as the pressure 

outside varies.  

However, while basic weather measurements are important, 

they are not sufficient to warrant the cost of the mission. 

Perhaps the most significant measurement that can be made 

is seismic activity. A cantilevered mass will vibrate with 

seismic disturbances, and if mechanically amplified, will 

produce a measurement. The measurements of seismic 

activity perfectly fit a long duration mission, as it is unlikely 

a 24 hour mission would provide valuable seismic science 

data. However, a mission that could operate for 3 months 

would operate long enough to obtain a statistically significant 

data set. 

In addition to these simple measurements, there are a few 

additional complex science measurements which could be 

 

Figure 7: Instruments integrated into the rover 
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made mechanically. Chemical composition measurements 

could occur by having rods the react to certain desired 

chemicals. If the rods had a load applied, chemical 

concentration could be measured by observing how long it 

takes the rod to break. Higher chemical concentrations would 

cause the rods to lose strength more quickly. Another 

potential science target is sample analysis. While the 

automaton rover would not have the means to fully analyze a 

sample, it could move around on the surface of Venus, collect 

samples, and then return them via balloon to a solar powered 

high altitude drone. This drone, operating in the lower 

temperature upper atmosphere would have electronic systems 

to perform the usual sample analysis. Figure 7 depicts an 

overview of sensor systems on the rover. 

Supporting Architecture 

The supporting architecture components for an automaton 

rover would be similar to previously proposed systems. A 

satellite would be required for telecommunications relay, and 

depending on the communications approach, possibly a high 

altitude solar powered drone similar to Helios [29] or Aquila 

[28]. EDL for the rover has already been developed for prior 

Venus studies on payloads up to 700kg using a heatshield, 

drogue chute, and parachute [5] and landings were 

demonstrated by the Vega/Venera missions [30]. From these 

previous studies, 700kg will be used as a maximum mass for 

the rover. Other options for the mission architecture, such as 

using multiple smaller rovers or a small rover in conjunction 

with a flagship mission will be explored. 

Materials 

Spending a significant amount of time on the surface of 

Venus presents interesting material science problems, 

however, none that are insurmountable. All materials on the 

automaton must survive for months exposed to temperatures 

in excess of 450°C and the high atmospheric pressure. This 

field is quite mature due to industry applications in the areas 

of oil drilling, power generation, and engine design. For 

example Figure 8 shows various materials’ yield strength 

performance vs. temperature. While aluminum performs 

poorly, stainless steels performs extremely well, and titanium 

performs adequately [31]–[33]. Beyond common metals, 

there are a number of specialized alloys which work well at 

high temperatures including Inconel 625, Haynes R-41, and 

Aktiebolag 253 [34]. Industry also has a number of solutions 

for high temperature lubricants. To avoid mechanism binding 

due to thermal expansion, the automaton’s mechanisms will 

be designed to only engage under high temperatures. As the 

temperature on Venus only varies slightly between day and 

night, little additional expansion or contraction will occur 

after the baseline thermal expansion has been accommodated. 

However, considerations for material corrosion and welding 

through work at high temperature still require consideration. 

4. OTHER ARCHITECTURES AND TARGETS  

Alternative Implementation Architectures 

The rover discussed thus far is an example of a “flagship 

rover” where one fully mechanical rover is the primary focus 

of the mission. However, multiple other architectures are 

being considered. The complexity of the rover could be 

decreased if it was allowed to drift in the wind in a similar 

manner to previously proposed “tumbleweed” rovers [35].  

To make the automaton even simpler, mobility could be 

dropped altogether. This would result in a fixed weather 

station that could still accomplish the major science goals like 

weather and seismic activity. More computational power 

required for mobility control could instead be put towards 

storing, processing, and transmitting science data. Further, a 

series of weather stations would be even more effective.  

Instead of being an independent mission, the automaton could 

also work in coordination with an existing mission. For 

example, it could augment a traditional short lived lander 

mission by continuing to operate for months after the primary 

mission had died. 

A particularly attractive architecture to fly as a secondary 

payload on a traditional lander would be to reduce the system 

to a simple weather station by combining the signaling 

system and instrument into one part. Examples of such a 

system could be a retro-reflector which is covered with a 

wind turbine. As the wind turbine would blow, the retro-

reflector would flash with regards to the wind speed. Another 

variant measuring temperature could consist of two retro-

reflectors, joined by a material that expands significantly with 

the coefficient of thermal expansion. The distance between 

these two retroreflectors could then be measured to obtain 

temperature.  

Other Targets in the Solar System 

Beyond Venus, there are many other extreme environment 

targets suitable for an automaton rover. The most obvious 

would be Mercury, which has similar temperature extremes 

to Venus. Jupiter and the Jovian moons (like Europa and Io) 

would also be good targets due to the high radiation doses in 

the system which quickly upset traditional electronic 

systems.  Also, another potential application would be gas 

giant probes, for Jupiter, Saturn, Venus, and Neptune. Such a 

 

Figure 8: Material strength degradation as a function 

of temperature. 
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probe could potentially descend to a point where it was 

buoyant, and then carry out a mission at that altitude.  

An automaton rover could be subjected to much higher 

contamination control procedures than traditional rovers. It 

could be baked at extremely high temperatures, irradiated, 

and subjected to multiple chemical baths to kill any bacteria. 

Thus, automatons would be valuable in highly contamination 

control sensitive environments, like collecting samples from 

the dark, water streaks on Mars. In this type of situation, the 

automaton would likely be working in tandem with a 

traditional Mars rover. 

Closer to home, automatons could be used in observations of 

lava flows and volcanos, or in radioactive environments. 

Such a device would not be sensitive to electro-magnetic 

pulses or nuclear detonations. 

5. CONCLUSION  

Instead of operating for just hours on the surface Venus, an 

Automaton Rover for Extreme Environments would continue 

operating for weeks or months, enabling longitudinal data 

collection. While high fidelity short term data is important, 

there is currently no way to obtain longitudinal measurements 

in the most extreme environments, critical for informing 

dynamic models of solar system formation. Further, some 

data, like seismic activity, can only be taken over long 

periods of time. AREE could take these critical long duration 

science requirements. 

It is exciting to consider how a technology originally 

developed millennia ago, and often times pursued only as an 

art form stands to unlock the secrets of space guarded by 

extreme environments.  
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